Laboratory measurements of the sound produced by mechanically generated two-dimensional (2-D} and three-dimensional (3-D) breaking waves are presented. In the 2-D breaking experiments it was observed that the mean-square pressure at frequencies below 1 kHz correlated strongly with the fractional energy dissipated by breaking and the volume of air entrained. In addition, the volume of air entrained was found to be proportional to the fractional energy dissipated. These results imply that measurements of the low-frequency sound may be useful for studying the dynamics of breaking waves in the field. It was found that 2-D plunging breakers produced significant incr• ases in spectral levels at frequencies below approximately 500 Hz but that spilling breakers did not. Large-amplitude low-frequency signals were observed to begin up to ] of a wave period after the start of active breaking in both the two-and mechanically generated breaking waves. They found that plunging breakers produced sound at frequencies as low as 100 Hz and that the higher-frequency sound generated by breaking was similar for spilling and plunging events. They speculated that the observed low-frequency signals may be due to collective oscillations of the bubble plumes.
Laboratory measurements of the sound produced by mechanically generated two-dimensional (2-D} and three-dimensional (3-D) breaking waves are presented. In the 2-D breaking experiments it was observed that the mean-square pressure at frequencies below 1 kHz correlated strongly with the fractional energy dissipated by breaking and the volume of air entrained. In addition, the volume of air entrained was found to be proportional to the fractional energy dissipated. These results imply that measurements of the low-frequency sound may be useful for studying the dynamics of breaking waves in the field. It was found that 2-D plunging breakers produced significant incr• ases in spectral levels at frequencies below approximately 500 Hz but that spilling breakers did not. Large-amplitude low-frequency signals were observed to begin up to ] of a wave period after the start of active breaking in both the two-and mechanically generated breaking waves. They found that plunging breakers produced sound at frequencies as low as 100 Hz and that the higher-frequency sound generated by breaking was similar for spilling and plunging events. They speculated that the observed low-frequency signals may be due to collective oscillations of the bubble plumes.
Others had suggested that the collective oscillation of bubble plumes entrained by breaking waves may be an important source of sea surface sound at frequencies below Kolaini et aL •4 studied the sound genexated by bubble plumes produ•xl when a fixed cylindrical volume of water is dropped onto a still water surface. The characteristics of the bubble plume were varied by changing the height from which the cylinder of water was dropped and by changing the volume of water dropped. They found that the frequency generated when a substructure detaches from the rest of the plume correlated with the volume of water that was dropped. The detached substructures were observed to oscillate at frequencies as low as tens of Hz. Their observations suggested that the substructures were spherical regions of high void fraction with a region of pure water positioned near the center. They found that if the void fraction within the substructures was assumed to be approximately 40% then estimates of the lowest eigenfrequency based on the observed plume size agreed with the observed frequencies. However, this experiment is far removed from the oceanic problem.
Our primary motivation for conducting this research was to investigate whether passive acoustic measurements could be used to obtain information on the dynamics of breaking waves. This required that we generate energetic spilling and plunging breaking waves in a physically realistic manner. The only methods we are aware of which meet this criterion involve the mechanical generation of waves in channels or basins. Therefore we have conducted the experiments described here in laboratory wave tanks. The finite size of the wave tanks and the long wavelengths of the observed acoustic signals forced us to position the hydrophones in the acoustic near field of the breaking waves. This means that we have, in fact, measured the near-field pressure fluctuations beneath breaking waves and that the observed signals may contain contributions from both the propagating and nonpropagating pressure fields. However, we will present convincing evidence that we have observed low-frequency pressure signals which are generated by the collective volume oscillations of the bubble plumes.
We present results from two series of experiments in which the near-field pressure fluctuations generated by controlled repeatable 2-D (two-dimensional) and 3-D (three-dimensional) breaking waves were measured. Lowfrequency signals were observed beneath both the 2-D and 3-D breaking waves and large amplitude spectral peaks were observed at frequencies as low as 30 Hz. The observed frequencies are compared to theoretically predicted estimates of the lowest eigenfrequency (volume mode) of a semicircular bubble plume located at the free surface. Lamarre and Melville •6'•7 measured the void fraction in the bubble plumes beneath six of the 2-D and 3-D breaking events. The eigenfrequencies were calculated by using these void-fraction measurements to obtain the sound speed within the plumes and the radii of the plumes. The estimated eigenfrequencies were found to closely match the observed spectral peaks indicating that the bubble plumes were oscillating collectively in the volume mode.
I. EXPERIMENTAL PROCEDURE: 2-D BREAKING
The 2-D experiments were conducted in a steel-framed glass-walled wave channel 25 m long, 0.76 m wide filled with 0.6 m of fresh water. A schematic of the experimental equipment and the wave channel is shown in Fig. 1 . Breaking waves were generated by focusing a dispersive wave packet at a point x b down the channel. The wave packets were synthesized from N sinusoidal components of constant slope ak, where a is the component amplitude and k is the component wave number. The components were equally spaced over a frequency bandwidth A f, centered at frequency fc. This method of generating breaking waves has been used previously to study the energy dissipation and wave forces produced by deep-water breaking waves? '•ø In the present experiments, Af/fo Xbkc, and N were held constant at 1.0, 24.6, and 32, respectively, and S, the slope parameter defined as S=Nak, was varied. Over the range of slopes used in these experiments the breaking events were single spilling or plunging breakers. The waves generated are 2D, that is, there is negligible variation of the wave profile in the transverse direction across the channel prior to breaking. Table I lists The glass wave channel acts as a waveguide for underwater sound propagation. The free surface acts as a pressure release boundary and the glass sidewalls and bottom are surfaces with finite impedances. We can estimate the cutoff frequency of the lowest propagating mode by calculating the values for the two limiting cases. If we assume the glass has an infinite impedance, the cutoff frequency of the lowest mode is approximately 1200 Hz. If we assume the glass has an impedance of zero, the cutoff frequency of the lowest mode equals 1600 Hz. Therefore we expect the actual cutoff frequency of the lowest propagating mode to be between 1200 and 1600 Hz. The three hydrophones were spaced evenly over an 80-cm interval directly beneath the breaking events to avoid cutting off the sigmals below the lowest cutoff frequency. The microphone was placed The microphone signals were not directly influenced by the properties of the wave channel and therefore the microphone spectra plotted in Fig. 3(b) do not exhibit features consistent with a modal structure. The spectra slope at --4 to --6 dB per octave from 500 Hz to 10 kHz and there are large-amplitude low-frequency peaks in the microphone spectra of the larger slope breaking events which are marked with the symbol ß in Fig. 3(b) . We will show in Sec. VI that these low-frequency signals are consistent with the collective oscillation of the entrained bubble plumes. The hydrophone spectra have much broader low-frequency peaks and this additional low-frequency energy may be caused by structural vibrations of the wave channel in response to the more energetic breaking events. This additional energy at low frequencies makes it impossible to detect the spectral peaks caused by the collective oscillations of the plumes in the hydrophone spectra in Fig.   3 (a). However, we will show in Sec. VI that it is possible to detect these peaks in the hydrophone data using joint time-frequency analysis. Both the hydrophone and microphone spectra clearly show that significant increases in spectral levels were produced by the breaking waves across the entire spectrum from 20 Hz to 10 kHz. Although some of the lower frequency energy in the hydrophone spectra may be due to vibrations of the tank, it is clear from the microphone spectra that there is significant low-frequency energy present which is not associated with tank response. At frequencies greater than 500 Hz there was a consistent increase in spectral levels as the wave slope was increased from the incipient value to the maximum value. However, at frequencies below 500 Hz there was no change in spectral levels when the slope was increased from the incipient value of 0.288 to 0.320. When the slope was increased further to 0.352, the spectral levels below 500 Hz increased dramatically. Video recordings showed that at a slope of 0.320, the event was a spilling breaker and at a slope of 
IV. RESULTS: 3-D BREAKING
The hydrophones were mounted approximately 1.9 m below the water surface 3.9-m above the tank bottom directly below the breaking waves. They were placed close to the breaking events to improve the signal-to-noise ratio. The sparseness of the wave gauge array and the lack of complete wave absorption in the basin prevented measurements of the energy loss from the wave field due to breaking. As a result we used the gain of the signal (7, sent to the wave paddles as a measure of the amplitude of the 3-D breaking waves. To avoid the noise generated by the wave maker hydraulic system the mean-square pressure was calculated in the frequency bands from 10 Hz to 150 Hz and from 1 kHz to 20 kHz. The mean-square pressure, p2, in these two frequency bands was calculated over the entire signal duration for the hydrophone data and is shown plotted as a function of the gain in Fig. 8(a) and (b) , respectively. In breaking experiments, has been investigated thoroughly and those results will be presented in another paper. For the purposes of this work it is sufficient to state that we have concluded that these low-frequency signals are produced by the volumetric pulsation of the cylinder of pure air ( 100% void fraction) entrapped by the plunging wave crest. The beginning of the second low-frequency signal, at t,=0.20, coincides with the time at which the cylinder of pure air breaks up to form a bubble plume. These lowfrequency spectral peaks were not detectable in the timeaveraged hydrophone spectra (see Fig. 3 ). However, as can be seen in Fig. 11 , they are easily detected in the color spectrographs.
Low-frequency spectral peaks were also observed in the 3D breaking experiments. There were high levels of bT•. b-'l]. •S. 70. •.
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where p0 is the pressure outside the plume, B. is an amplitude coefficient, Htn 2• is a Hankel function of the second kind, and ko is the wave number in the pure liquid. The variation of the pressure in the z direction along the axis of the cylinder is specified by setting g equal to a constant. If g=rr/to, where to is the plume length, this sets the wavelength in the z direction equal to twice the plume length and this corresponds to a plume with pressure release or rigid boundary conditions at its ends. If we set g=0 the wavelength in the z direction is infinite and this corresponds to a 2-D cylinder of infinite length. At the edge of the plume at r=R½ the boundary conditions given in Eq. (5) We can compute the resonant frequencies of a semicircular plume located below the free surface using the solution developed for the circular plume in Eqs. (4) to (14) . The additional constraint we must impose in order to satisfy the pressure release boundary condition at the free surface is that the mode number n must be odd. This ensures that the pressures inside and outside the plume P and po, respectively, are equal to zero on the free surface or the plane defined by 0=r r/2 and 0=--r r/2, where 0 is the azimuthal angle measured clockwise from the positive z axis, which points downward. That is, the solutions for P and po given by Eqs. (6) and (7) both equal zero when n is odd and 0=r r/2 and 0=--r r/2. Therefore when n is odd, the solution defined by Eqs. (4) to (7) satisfies the Helmholtz equation inside and outside of the plume and it also satisfies the boundary conditions at the plume edge at r=R½ and at the free surface. This is the same approach that Lu et aL •s took when they modeled a bubble plume generated by a single breaking event as a hemispherical cloud at the free surface. Using this approach, the radius of the model plumes is given by Re= •/2,4o•'•r,
where Re is the radius of the model plume and/la, is the cross-sectional area of the observed plume. The lowest mode of the semicircular cylindrical plumes occurs when n = 1. This is the volume or breathing mode because it corresponds to the case where the entire plume (halfcylinder) is volumetrically expanding and contracting in phase. A semicircular cylindrical plume oscillating in its n = 1 mode immediately below the free surface behaves as a dipole source. The total pressure field outside the plume, given by Eq. (7), is the sum of the pressure produced by the submerged half-cylinder as it oscillates volumetrically plus the pressure produced by its mirror image above the free surface (the two half-cylinders form a full cylinder with its axis on the free surface) which is also oscillating volumetrically but 180 ø out of phase with the submerged half-cylinder. In the far field, when r xf-•0-• •, 1, Eq. (7) can be simplified using the asymptotic expression for H? )
to show that the pressure varies as 1/• and the directional pattern of the pressure is given by cos(O). This is exactly the same far-field behavior as would be produced by a dipole source such as a fully cylindrical plume oscillating volumetrically (n--O mode} beneath a pressure release surface.
The resonant frequencies for the lowest mode, n = 1, can be determined by solving for the roots of Eq. (8) in the complex to plane. The variation of the acoustic pressure field in the z direction is specified by setting the value of A value of •c=0 corresponds to an infinitely long or 2-D semicircular plume. As stated earlier if •= •r/w, where w is the plume length in the z direction, this corresponds to the case in which the boundary conditions at the plume ends are taken to be pressure release or rigid. In the 2-D experiments the bubble plumes were bounded at each end by glass walls and therefore setting •=•r/w, where to is the wave channel width appears reasonable. In the 3-D experiments the width of the bubble plumes were only a fraction of the wave tank width and specifying the z dependence of the acoustic pressure is more difficult. However we will show that for the 2-D and 3-D breaking events, setting equal to 0 or rr/w has very little effect on the predicted resonant frequencies.
For a given complex frequency (• and mean bubble radius a, X and ß were evaluated using Eqs. (13) and (14). Then, the values of the damping constant b and the resonant frequency too were calculated using Eqs. ( l 1 ) and (12) (note that the real part of to=2rrfn is used in these equations). The complex wave number in the plume was then calculated using Eq. (10) (note that complex to is used in calculating k,,) and the wave number in the pure liquid k 0 was equal to 2rrfn/c. The measured cross- In column ( 1 ) the wave packet is identified, (2) the wave slope, $ for 2-D events   and the gain, G for 3-D events, (3) dimensionless time, (4) measured mean void fraction, (5) measured bubble plume cross-sectional area, (6) bubble plume resonant frequency for •c=0 or infinitely long plumes, (7) bubble plume resonant frequency for •=•r/w (w=½hannel or plume width), and (8) n= •r/w values. The resonant frequencies tabulated in columns (6) and (7) We note that the parameter (ba 2) has a maximum at a = 1 mm and its dependence on the bubble radius is identical to that of the damping rate ft-This indicates that the collective oscillations of bubble plumes comprised of l-ramradius bubbles will be more heavily damped than plumes containing either larger or smaller bubbles. These results also show that the eigenfrequeney of the collective volume mode is not only insensitive to variations in the mean bubble radius but also to the damping rate. In fact, when the damping due to the presence of the air bubbles is neglected completely, that is, if the damping constant b is set equal to zero, the predicted eigenfrequencies increase by less than 3%.
The roots of the characteristic equation corresponding to the n = 1 mode of a freely oscillating semicircular plume were evaluated for the six events for which void fraction data were available for K=0 and K=•r/w. As we showed previously the predicted eigenfrequeneies are insensitive to the mean bubble radius and therefore we assumed a= 1 mm when computing the eigenfrequencies. These results are tabulated in Table II We have shown that the eigenfrequencies of the volume mode can be accurately predicted when the plumes are assumed to be infinitely long, when the damping due to the presence of the air bubbles is neglected, and when the mean bubble radius is varied from 0.2 to 5 mm. In Fig. 16 . With the exception of two data points the observed frequencies are all within 30% of the predicted resonant frequencies. The close agreement between the observed low-frequency signals and the theoretically predicted resonant frequencies strongly supports our hypothesis that the observed bubble plumes were oscillating collectively.
VII. DISCUSSION
As stated earlier, because of the finite size of the wave tanks and the long wavelengths of the observed signals, it was necessary to place the hydrophones in the near field of the breaking events. In the near field of a complex acoustic source the observed pressure fluctuations may be due to higher-order poles, the turbulent flow field, the oscillation ,•.
•0.
•S.
•0. The proximity of the tank boundaries will also have an effect on the measurements of the mean-square pressure. Sound generated by the breaking waves will reverberate in the wave tank. Simply stated, this means that the pressure signals radiated by the source will propagate past the receiver more than once as they are reflected off the boundaries of the tank. As a result, the magnitude of the meansquare pressure that we have measured in the wave tanks will be greater than the magnitude that we would have measured if the experiments had been conducted in an infinitely large wave tank (a nonreverberant environment). However for a linear system, the correlations of the meansquare pressure with the fractional dissipation and the gain G (Figs. 4 and 8) will remain qualitatively the same. The magnitudes of the mean-square pressure will be larger than the corresponding free-field values and this will cause the correlation curves to be shifted upward but we do not think this effect altered the trends in the data significantly.
The results from the 2-D experiments indicate that for breaking waves of this scale individual air bubbles oscillating at their resonant frequency are not a significant source of sound at frequencies below approximately 500 Hz. This is consistent with the observations of Medwin and Daniel 6 who found that the largest diameter bubble entrained by gently spilling waves was 14.8 mm which corresponds to a resonant frequency of 440 Hz. Unfortunately, the high levels of background noise in the frequency range 150 Hz to 1 kHz prevented us from determining if this frequency remained the same for the larger scale 3-D breakers. However, we believe that larger scale breaking waves will entrain larger diameter bubbles and therefore the oscillation of individual bubbles may be a significant source of sound at frequencies as low as 200 to 300 Hz under full-scale breakers. It is likely that for full-scale breaking ocean waves there is a frequency range in which both collective plume oscillations and single bubble oscillations are important.
In the 2-D experiments the plunging breakers produced sound at frequencies below 500 Hz and the spilling breakers did not. While this result is attractive because it implies there may be a method for differentiating between spilling and plunging breakers it may not apply to full scale breaking ocean waves. Large-scale spilling breakers may generate thin layers of bubbles at the ocean surface (as opposed to the deeper cylindrical bubble plumes which plunging breakers produce) and it is entirely possible that these bubble layers produce low-frequency sound by oscillating collectively.
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VIII. CONCLUSIONS
We have presented what we believe is the first direct evidence that bubble plumes entrained by unsteady breaking waves generate low-frequency sound by oscillating collectively in their volume mode. Mechanically generated dispersive wave packets were focused to produce energetic plunging and spilling 2-D and 3-D breakers. Lowfrequency signals were observed up to « of a wave period following the start of active breaking beneath both the 2-D and 3-D breaking events. It was hypothesized that these low-frequency signals were due to the collective volume oscillation of the bubble plumes. To investigate the validity of this hypothesis, theoretical predictions of the resonant frequencies of the volume mode of the observed bubble plumes were made using the void fraction data of Lamarre and Melville 16'17 (for the same experiments), and these values were compared to the frequencies of the observed signals. For all six events the predicted resonant frequency of the lowest mode closely matched the observed frequencies (see Fig. 16 ). The close agreement between the theoretical predictions and the observations provides strong support for the hypothesis that the bubble plumes were oscillating collectively in their volume mode. Therefore, we conclude that the collective volume oscillations of bubble plumes entrained by breaking waves may be a source of low-frequency sound in the ocean.
